The climatic effects of very large changes of CO 2 concentration in the atmosphere are explored using a general circulation model of the coupled ocean-atmosphere system. As a simplification the model has an annual mean insolation and a highly idealized geography. 
In the past the chalaging continent and ocean geometry associated with plate tectonics appeared to provide a reasonable explanation for climate variation. By use of a general circulation model of the atmosphere coupled with an idealized swamp ocean without heat capacity, Barron and Washing?ton [1984] investigated the role of geographic variables (i.e., topography and surface albedo) in maintaining the warm climate of the mid-Cretaceous epoch. Although these results demonstrated that paleogeography was a substantial forcing factor, its influence was insufficient to explain the warm climate. Before fully accepting their conclusion, it is obviously desirable to investigate the CO2 climate issue by use of a coupled ocean-atmosphere model in which the effect of oceanic heat transport is taken into consideration.
Using a coupled ocean-atmosphere model specifically designed to evaluate the sensitivity of climate, this study obtains six climate equilibria which correspond to atmospheric CO2 concentrations varying by a factor of 16. In contrast to many previous studies of climate sensitivity to CO2, the model allows a calculation of climatic signatures in the ocean as well as on land. Although the geometry is highly idealized, it is hoped that the model results will be useful for evaluating the CO2 hypothesis for climate change based upon the geologic evidence from both terrestrial and marine environments. Some For the computation of the flux of solar radiation, the annual mean insolation (without diurnal and seasonal variation) is prescribed at the top of the model atmosphere. Referring to Kondratyev [1972] , the solar constant is assumed to be 1356 W/m 2. The effects of clouds, water vapor, ozone, and carbon dioxide are included in the computation of both solar and terrestrial radiation. The mixing ratio of carbon dioxide is assumed to be constant everywhere. For ozone a zonally uniform, annually averaged distribution is specified as a function of latitude and height. Referring to London [1957] , cloud cover is also prescribed at zonally uniform values depending upon latitude and height (see Table 1 sumed to be zonally uniform and is fixed as a function of latitude as given by Manabe [1969] . Over a snow-covered region a larger value of surface albedo is assigned. When [he surface air temperature is below -10øC, the albedo is 70%; above : 10øC, it is 60%. A change in snow depth is predi:cted as the pet contribution from snowfall, sublimation, and snowmelt, with the latter two determined from the surface heat budget.
The groundwater budget is computed by the "bucket method." The soil is assumed to have a water-holding capacity addition, the ocean model includes a simplified method for calculating the growth of sea ice in the polar regions. When sea ice is present, the temperature of the ocean beneath the ice remains at the freezing point, and heat flux through the ice is balanced by the latent heat of freezing or melting at the bottom of the ice. This process, together with the melting of the upper ice surface, sublimation, and snowfall, determines the change of ice thickness. It is assumed that the albedo of sea ice is the same as that of snow cover specified earlier, with the exception of melting sea ice, to which the albedo of 45 % is assigned. The computational grid in the ocean model is a latitude-longitude grid having a resolution of 4.4 ø latitude and 3.8 ø longitude. Twelve levels in the vertical, as in the work of ' Bryan, 1984 . Since ti•e ocean has a much larger thermal inertia (heat capacit y) than the atmosphere, the ocean is integrated with respect to ti•e :over 110 years concurrently with 1-year integration of th• a[mosphere. In the deeper layers of the model ocean, the convergence toward equilibrium is accelerated further by a device which is equivalent to artificially reducing the heat capacity of water, as was described by Bryan [1984] . the influence of sea ice upon thermohaline circulation, the poleward heat transport by ocean currents in the X/2 experiment is very small in high latitudes, further reducing the surface air temperature there. Thus the sensitivity of the present coupled atmosphere-ocean model in low-CO2 experiments is substantially larger than the sensitivity of a model atmosphere coupled to a stagnant ocean mixed layer with comparable surface air temperature as described in the appendix. The positive feedback process involving thermohaline circulation and sea ice will be discussed in detail in section 4.4. Figure 4 the difference in surface air temperature between the 4X and 8X experiments increases gradually with increasing latitude despite the very small difference in surface albedo between the two experiments. This result suggests the existence of other mechanisms responsible for this latitudinal dependence of the sensitivity of surface air temperature. Polar amplification in sensitivity is also related to the latitudinal variation of the vertical profile of the CO2-induced warming in the model troposphere. As  Figure 4 indicates, the warming is most pronounced near the earth's surface in high latitudes and reduces sharply with increasing altitude, whereas it is relatively large in the upper model troposphere in low latitudes. Accordingly, the flux of outgoing terrestrial radiation at the top of the model atmosphere in low latitudes increases more per unit increase in surface temperature than the corresponding flux in high latitudes. Therefore the radiative damping of the near-surface temperature anomaly in low latitudes is stronger than the damping in high latitudes and contributes to the increase of the CO2-induced surface warming with increasing latitude (see Held [ 1978] for further discussion of this topic).
It appears significant that in
Another mechanism for the polar amplification of the CO2-induced warming of surface air temperature is the enhanced poleward transport of latent energy in the model atmosphere [Manabe and Wetheraid, 1980] . For further discussion on this topic, see section 4.4.
As was described in the preceding paragraphs, the meridional temperature gradient in the model atmosphere increases Figure 9 shows how the intensity of the Hadley cell in the model tropics depends upon the atmospheric CO2. According to this figure the Hadley cell is weakest in the 1X experiment and intensifies with either increasing or decreasing CO: concentration. The large meridional temperature gradient in the lower model troposphere appears to be responsible for the intense Hadley cell in the X/2 experiment. As the temperature of the model troposphere reduces from the 1X experiment to the X/2 experiment, the intensity of the Hadley cell is affected more by the increase in meridional temperature gradient than by the reduction in moisture supply to the tropical rainbelt.
Ocean
One also notes a polar amplification of CO:-induced change in surface temperature in the model ocean. Figure 10a illustrates the latitudinal distributions of zonal mean sea surface temperature (SST) from all six experiments. The CO2-induced SST change in low latitudes is much smaller than the corresponding change in middle and high latitudes. However, the polar amplification of the SST change is smaller than that of surface air temperature when the concentration of atmospheric CO2 is low. This is because SST cannot fall below -2øC, the freezing point of seawater. For example, zonal mean SST is almost independent of latitude poleward of 50 ø in the X/2 experiment. According to Figure 10b , sea ice has a zonal mean thickness of approximately 2 m at 50 ø latitude and becomes thicker with increasing latitude. The absence of meridional gradient in sea surface temperature in high latitudes is partly responsible for the weak thermohaline circulation in the X/2 experiment as described later. It is of particular interest that the differences of zonal mean temperature in the deep layer of the model ocean between the 8X and 1X experiments is as large as the sea surface temperature difference in high latitudes (see Figure 3) . Accordingly, the CO:-induced warming of the deep model ocean is significantly larger than the area-averaged warming of surface water [Speltnan and Manabe, 1984 ]. As will be described later, the relatively cold water in high latitudes sinks and occupies the deep layer of the model ocean in both the 8X and 1X experiments.
As was mentioned in the introduction, Berner et al. [1983] estimated the temporal variation of CO: concentration in the atmosphere by use of a quantitative model of the carbon cycle.
Their results indicate a severalfold reduction in the atmospheric concentration of CO2 during the Tertiary. Therefore it is worthwhile to compare the distribution of the CO:-induced change of the oceanic temperature described above with the change of temperature during the Tertiary estimated by use of stable isotope data. Figure 11 shows the temporal variations of isotopic temperatures which are determined from the analysis of planktonic and benthic foraminifera from deep-sea cores [Savin, 1977] . Figure 14a indicates that all the warm climates (1X, 2X, 4X, and 8X) have similar latitudinal profiles of sigma-theta. Poleward of the equator, temperature decreases but salinity increases with increasing latitudes until a maximum is attained in the subtropics. At higher latitudes, both temperature and salinity decrease with increasing latitude. One can almost reproduce one curve from another by a uniform upward or downward displacement, corresponding io adding a uniform increment of surface temperature at all latitudes. However, a closer examination reveals significant differences. As was noted previously, there is a poleward amplification in the sea surface temperature in response to increased atmospheric 11,699 CO2. In most cases the change in temperature at point E, the polar point, is much larger than for A, the equatorial point. Note the total ranges of salinity between the subtropics and the equator and between the subtropics and the pole increase slightly with increasing atmospheric CO2 from the 1X experiment to 8X experiment.
A really significant decrease in the salinity range occurs in the cold X/2 climate. The range is a factor of 2 less than that of the warmest climate. Here again we see the dramatic effect of widespread sea ice cover. The existence of ice also puts a lower limit on temperature at higher latitudes, so that polar surface temperatures cannot be colder, while the tropical temperatures are significantly lower. The total range of temperature is significantly less than that of the 1X climate. Table   2 . In the first column the total temperature difference between surface waters at the equator and pole is given. A corresponding difference in sigma-theta is shown in the second column. We see that the equator to pole temperature difference decreases as we go to either warmer or colder climates. In the former case, polar amplification is indicated, while the existence of ice is important in the latter case. Intuition would suggest that as the north-south gradient of ocean surface temperature reduces, the gradient of density at the ocean surface would also be reduced. However, our coupled model results show that the meridional gradient of surface density actually increases with increasing CO2 concentration for warmer climates. This is reflected in the fact that the thermohaline circulation shown in Figure 13 does not show any Substantial difference in intensity among the high-CO: climates. The explanation for this surprising behavior can be obtained from Figure 14a . At higher temperatures the coefficient of expansion of seawater is greatly increased. Therefore small increments of temperature at low latitudes cause the same change in density as much larger increments of temperature in a lower range at high latitudes. This effect compensates for polar amplification of the temperature response and maintains or slightly increases the total meridional density contrast at the ocean surface.
Some of the results shown above are summarized in

Poleward Ener•ty Transport
In the preceding section it is shown that the meridional gradient of zonal mean surface air temperature reduces markedly with increasing CO: concentration of air. One of the important factors which control the meridional temperature gradient in the atmosphere and ocean is the poleward energy transport by the combined system. Therefore this section is devoted to the discussion of the poleward energy transport in the coupled model. The enhancement of the lower tropospheric cooling in high latitudes through the interaction between sea ice and thermohaline circulation is an intriguing process. As is discussed in the concluding section, a similar weakening of thermohaline circulation may have occurred in the North Atlantic during the last glacial maximum. However, it is likely that the present model with three sector oceans resembling the North Atlantic may exaggerate the influence of this positive feedback process.
Hydrology
The relationship between the intensity of the hydrologic cycle and the CO2 concentration in the model atmosphere may be inferred from Table 3 , which tabulates the area mean rates of precipitation and runoff from all six experiments. According to this table the rate of precipitation averaged over the entire computational domain increases significantly with increasing CO2 concentration. Similar changes also occur in the area mean rate of evaporation, because in a steady state, the area mean rates of precipitation and evaporation are equal to one another. When one compares the area mean rates of precipitation with the area mean temperature in Table 3 , one notes that, in general, the warmer the model climate, the more intense the hydrologic cycle. As a matter of fact, there exists an almost linear relationship between the two quantities. The physical mechanisms which are responsible for the CO:induced intensification of the hydrologic cycle were discussed by Wetheraid and Manabe [1975] and Manabe and Wetheraid [1975] , based upon the analysis of the climate sensitivity experiments which they conducted. As they explained, this intensification results partly from the increase of downward flux of terrestrial radiation at the earth's surface, which is due to the increase in CO2 concentration and the accompaning increase of the mixing ratio of water vapor in air. In order to maintain the surface heat balance, this increased downward radiative flux necessitates the enhanced removal of energy from the surface through evaporation and the boundary layer flux of sensible heat. Furthermore, the CO e-induced surface warming raises the saturation vapor pressure at the earth's surface and thereby increases the fraction of energy removed through evaporation (rather than sensible heat flux). This explains why the area mean rate of evaporation (and accordingly that of precipitation) increases so sharply with increasing CO: concentration in the model atmosphere.
The intensification of the hydrologic cycle discussed in the preceding paragraph produces a change in the rate of runoff from the continent of the model. Table 3 edly from the X/2 experiment to the 8X experiment. As was pointed out, for example, by Berner et al. [1983] , large runoff can enhance weathering in a CO2-rich world. The latitudinal distributions of zonal mean rates of precipitation and evaporation from five experiments are illustrated in Figure 18 . According to this figure the rate of evaporation increases at all latitudes as the atmospheric CO2 concentration changes from the X/2 experiment to the 8X experiment. On the other hand, the CO2-induced change in precipitation rate depends very much upon latitude. For example, the precipitation rate is nearly constant in the subtropical belt of minimum precipitation, whereas it increases markedly in middle and high latitudes and in the tropics in response to the CO: change. One can understand these changes in precipitation rate by referring to the CO:-induced change in the poleward transport of moisture discussed in section 4.4. The large increase in middle and high latitudes is attributable to the increase in the poleward transport of moisture by largescale eddies from the subtropics to higher latitudes discussed in section 4.4. On the other hand, the tropical increase in the Precipitation rate is an average over the entire computational domain, and runoff rate represents an average over the continent. In the columns identified as relative magnitude, these rates are normalized by the rates from the 1X experiment. The last column contains the area mean values of surface air temperature in degrees Celsius. According to Figure 19 , which illustrates the latitudinal profiles of the difference between the zonal mean rate of precipitation and that of evaporation, the earth's surface of the model gains moisture in the tropics and high latitudes and loses it in the subtropics. Because of the CO2-induced change in the atmospheric transport of moisture discussed in the preceding paragraph, the rate of net gain and loss of moisture at the surface increases with increasing CO2. Thus the range of latitudinal salinity variation at the ocean surface also increases with increasing CO2, as is illustrated by Figure 14 .
It is of interest that in Figure 19 , the subtropical belt of the maximum moisture depletion at the earth's surface is located [Emiliani, 1954] .
An unexpected result involves the intensity of thermohaline circulation. Intuition would suggest that the meridional density gradient at the ocean surface would decrease in warmer climates because of the reduction in meridional temperature gradient. The results from the present study indicate that the meridional density gradient at the ocean surface actually increases slightly with increasing atmospheric CO2. This surprising result is traced to the fact that the thermal expansion coefficient of seawater increases with temperature. Thus for warmer climates, the smaller meridional temperature gradient does not necessarily imply a smaller meridional density gradient. Owing to this effect the intensity of thermohaline circulation in the model ocean is nearly constant over a wide range of warm climates. A dramatic change in the thermohaline circulation occurs when the atmospheric CO2 is reduced from the normal to one-half the normal concentration. In the reduced CO2 case the sea surface temperature is held at the freezing point from the pole down to 45 ø latitude because of the formation of sea ice. Thus the thermohaline circulation is relatively weak and is largely confined to the region between the ice edge and the equator.
Owing to the weakening and the equatorward contraction of the thermohaline cell discussed above, the poleward heat transport by ocean currents decreases significantly in high latitudes in response to the reduction of the atmospheric CO2 from normal to half normal values. This implies a reduction of upward oceanic heat flux over the region covered by sea ice. Such a reduction causes an intense cooling limited to the very stable surface layer of the atmosphere, inducing the further extension of sea ice with high surface albedo. This interaction between thermohaline circulation and sea ice described above appears to be responsible for the extremely large cooling of surface air temperature in high latitudes when the CO2 concentration of the model atmosphere is reduced substantially from the normal value. Since the present model has three idealized sector oceans extending all the way to the pole, it is likely that the model exaggerates the magnitude of surface air temperature reduction due to the weakening of thermohaline circulation. Thus one should not take too literally the large difference in surface air temperature between the model atmospheres with the normal concentration and half the normal concentration of CO2. Nevertheless, the present study identifies a positive feedback process which may have played an important role in inducing the cold climate of an ice age. Evidence from faunal, chemical, and isotopic studies of deepsea sediments suggests that the production of deep water was greatly reduced and the coverage of sea ice was very extensive in the North Atlantic during the last glacial maximum. (See, for example, Broecker et al. [1985] and Boyle and Keigwin, 1982] .) These results suggest that the positive feedback process, which involves the interaction between sea ice and thermohaline circulation, operated in the North Atlantic and helped to induce low surface air temperature in high latitudes during the last ice age. This process, together with the albedo feedback process of snow over continents, explains why the very cold climate with low atmospheric CO2 is much more sensitive than the warm climate with high CO2.
As the CO2 concentration increases from the normal to 8 times the normal value, the global mean rate of precipitation increases by about 19% and that of global runoff increases by as much as 32%. The increase in runoff is particularly marked at high latitudes because of the greatly enhanced poleward transport of water vapor in warm climates. The latitude of the arid zone and the high-surface-pressure belt in the subtropics is insensitive to an eightfold increase in CO2 concentration, which appears to be consistent with geological evidence from evaporite deposits.
While the CO2-induced change of the model climate generally resembles the Tertiary change of climate inferred from stable isotope and other geological data, there is one notable exception. This involves the estimate of paleotemperature of surface water in the tropics. The model indicates an increase of about 5øC for an eightfold increase of atmospheric CO2, while sea surface temperature inferred from the isotopic analysis of planktonic foraminifera [Savin et al., 1975] 
